B
ovine digital dermatitis (DD) was first described in 1974 and has since become a growing problem worldwide (1) . The disease is characterized by focal proliferative to ulcerative dermatitis that is typically located on the plantar aspect of the hoof (1) . The consequences of this disease are decreased animal welfare and serious economic losses for the farmers due to factors such as reduced milk yield and premature culling (2) (3) (4) . DD is considered a multifactorial disease, and moist, unhygienic conditions, such as the slurry to which the animals are frequently exposed, are considered predisposing factors (5, 6) . The bacteria most often associated with DD are spirochetes of the genus Treponema, which predominate in the deepest regions of DD lesions (7, 8) . To date, at least 20 different phylotypes have been identified from DD biopsy specimens; among these, Treponema phagedenis-like, Treponema medium/Treponema vincentii-like, Treponema denticolalike, and Treponema pedis phylotypes are highly associated with progression of the disease (9) (10) (11) (12) . DD also appears to be highly infectious based on the rapid intra-and interherd spread of the disease (6, 13, 14) . The spread of DD in dairy cattle is facilitated by wet walking surfaces covered with feces (15) , although the causative agents have not yet been found in slurry (16) . Because the Treponema phylotypes typically observed in DD biopsy specimens have not yet been identified in the dairy farm environment, the transmission route and the environmental reservoirs of these bacteria remain unclear.
Treponemes are notoriously difficult to cultivate, and there have been relatively few investigations of these bacteria in the farm environment (17) . Global bacterial studies have shown that there are several phylotypes of Treponema in the bovine gastrointestinal (GI) tract (18) (19) (20) , including Treponema bryantii and Treponema saccharophilum, which have been isolated from the rumina of cows (21, 22) . These cultivable treponemes are phylogenetically very distinct from those associated with DD (17) . So far, no DDassociated bacteria have been isolated from feces, suggesting that DD treponemes are not part of the normal microbiota of the bovine GI tract (16) .
PCR-based methods circumvent the difficulties associated with cultivation of the fastidious anaerobic treponemes. In a previous PCR-based survey, no evidence was found for the presence of three major DD-related Treponema phylotypes in environmental slurry or GI tract contents, although these phylotypes were found in the rectal and oral tissues of some animals (16) . We hypothesized that DD-related treponemes are present in the dairy herd environment-but in very small amounts that cannot be detected by standard PCR methods. The aim of this study was therefore to identify DD-associated treponemes from cow feces, environmental slurry, and DD lesions by using high-throughput, culture-independent 16S rRNA gene sequence analysis. Before sequencing, the samples were PCR amplified with a primer set specific for members of the genus Treponema that was able to amplify most of the Treponema phylotypes hitherto identified in DD lesions (10) . Using this approach, we performed phylogenetic characterization of 82 samples from seven dairy herds with variable prevalences of DD.
MATERIALS AND METHODS
Sample collection and preparation. Samples were collected from six Holstein Friesian dairy herds with recurrent cases of DD and one small freerange herd (mixed breeds) with no known history of DD. These freerange animals had access to shelter and were kept in pastures year-round. In the remaining six herds, the animals were kept in loose house systems with slatted or element floors. The details of the farms are listed in Table 1 . Except for the free-range herd, the samples were taken from the herds at the time of hoof trimming, which enabled sampling of fresh feces from individual cows as well as sampling from a small number of skin lesions. Fecal samples were obtained with a wooden spatula, and the surfaces of the skin lesions were scraped with a small blade. All the lesion sampleseight from DD-affected areas and one from an exudative udder lesionwere obtained from the Gilleleje herd. Samples were immediately transferred to RNAlater stabilization solution (Ambion, Austin, TX, USA). After 24 h at 5°C, according to the manufacturer's instructions, the samples were kept at Ϫ20°C until use.
Bacterial DNA was extracted from feces and slurry samples using the QIAamp DNA stool minikit (Qiagen, Hilden, Germany). Portions (200 mg) of feces were first homogenized in 1.4 ml of ASL buffer (included in the kit) and subsequently heated for 10 min at 70°C to lyse the bacteria. Then bacterial DNA from the skin lesions was purified with the DNeasy Blood and Tissue kit (Qiagen). Briefly, samples were resuspended in 180 l of ATL buffer (Qiagen). A sterile 5-mm steel bead (Qiagen) was added for complete bacterial lysis in a Qiagen TissueLyser (Qiagen), which was run at 20 Hz twice, for 2 min each time. Next, 20 l of proteinase K was added, and the samples were incubated for 1 h at 56°C. All subsequent steps were performed according to the protocol provided. The concentrations and purity of the samples were evaluated using a Nanodrop 1000 spectrophotometer (Fisher Scientific, Wilmington, MA), and only samples with A 260 /A 280 ratios of Ͼ1.5 were used for further analyses.
Preparation of 16S rRNA gene amplicon libraries and sequencing. DNA was amplified by PCR using oligonucleotide primers designed to target the V3 and V4 hypervariable regions of the 16S rRNA gene sequences of Treponema putidum, T. pedis, T. denticola, T. vincentii, Treponema calligyrum, and Treponema refringens (10) . These Treponema-specific primers have been shown to cross-react with the majority of treponemes hitherto identified from DD lesions (10) . Each sample was amplified with unique forward and reverse primers that included an added hexamer barcode at their 5= ends. The target region was amplified in a 50-l reaction mixture that contained 1ϫ AmpliTaq buffer (Applied Biosystems, Carlsbad, CA), 100 M each deoxynucleoside triphosphate (Amersham Biosciences, Piscataway, NJ), 0.2 pmol each primer, 2.5 U AmpliTaq DNA polymerase (Applied Biosystems), and 2 l of template DNA. Thermal cycling was performed using a T3 thermocycler (Biometra, Göttingen, Germany) with the following protocol: denaturation at 94°C for 3.5 min, followed by 30 cycles of denaturation at 94°C for 45 s, annealing at 59°C for 45 s, and extension at 72°C for 1 min, with a final elongation step of 5 min. A positive control and a negative control (water) were included for every PCR. The DNA concentrations and quality of the PCR amplicons from all samples were assessed with an Agilent 2100 bioanalyzer (Agilent Technologies Inc., Santa Clara, CA) prior to highthroughput sequencing (data not shown). Equal amounts of all 40 amplicons were pooled and were purified by using the Qiagen MinElute kit (Qiagen) according to the protocol provided by the manufacturer.
The DNA was separated into 2 batches (pool 1, 45 samples; pool 2, 41 samples) and was submitted to the National High-Throughput DNA Sequencing Centre at the University of Copenhagen, Copenhagen, Denmark, for sequencing on an Illumina MiSeq platform. The 251-bp reads obtained were analyzed using BION-meta software. Demultiplexing was performed according to the primer and barcode sequences. Forward and reverse sequences were joined, allowing no gaps, a maximum mismatch percentage of 80%, and a minimum overlap length of 20 bp. Next, the sequences were cleaned at both ends by the removal of bases with a quality of Ͻ98%, which is equivalent to a Phred score of 17. Identical sequences were dereplicated into consensus sequences of 320 to 321 bp. Consensus sequences of at least 190 nucleotides were mapped into a table according to the individual barcodes. Finally, the consensus sequences were taxonomically classified against the Ribosomal Database Project database II (RDP II) (http://rdp.cme.msu.edu/index.jsp) using a word length of 8 and a minimum match of 90%. To allow comparison of the relative abundances in samples, the number of reads for each barcode was normalized. The resulting microbial profiles were further analyzed using Excel and GraphPad Prism, version 5 (GraphPad Software, Inc., La Jolla, CA). Spearman's rho test was used to measure the size and statistical significance of the association between the DD-associated phylotype distributions in the environmental samples and the samples from the skin lesions.
BioProject accession number. The data discussed in this publication have been deposited in the NCBI database and are accessible through accession number PRJNA240271.
RESULTS
A total of 10,993,304 (pool 1) and 6,729,168 (pool 2) reads were obtained from the sequencing center. After demultiplexing according to the sequences of barcodes and primers, 6,979,106 and 4,597,162 sequences remained in pools 1 and 2, respectively. The 3= and 5= ends of these sequences were further trimmed according to quality. Sequences with a quality below 98% were discarded. In total, 2,798,092 (pool 1) and 2,151,644 (pool 2) sequences, equivalent to 62,180 and 52,479 average reads per sample, respectively, were used for taxonomic classification. Of these, 34.4% of pool 1 and 25.9% of pool 2 were taxonomically classifiable according to the RDP database.
In total, 86 samples were sequenced. Four samples with input reads below 20,000 sequences were discarded from the data set. The consensus sequences were taxonomically assigned using the RDP II database. The sequences that could not be classified to the species level were combined into the groups Bacteria spp., Spirochaeta spp., and Treponema spp. The remaining sequences showed high sequence homology with previously identified Treponema spp. or clones that have not yet been cultivated. No significant differences in species composition could be observed between the slurry and cow manure samples (referred to below as "environmental samples"). In most cases, more than 50% of the reads from the environmental samples could not be classified further than the genus level. Most of these reads corresponded to the genus Treponema, while on average 4% corresponded to the genus Spirochaeta. A relatively large number of sequences were highly similar to a not-yet-cultivated variant, Treponema KO1_aai43a12 (GenBank accession no. EU776449), which was isolated from red kangaroo (Macropus rufus) feces at the Saint Louis Zoological Park, St. Louis, MO, USA (19) (Fig. 1) . On average, this phylotype constituted 93% and 28.5% of the sequences amplified from the free-range herd and environmental samples, respectively, while it was present in very low numbers in the skin lesions (0.5%) (Fig. 1) . Another phylotype, Treponema SP2_g07_2 (GenBank accession no. EU469011), which resembled a clone identified from Speke's gazelle (Gazella spekei) feces (19) , was likewise present in most of the samples; however, its prevalence was much lower than that of KO1_aai43a12 (Fig. 1) . Overall, 14 different phylotypes of known DD-associated treponemes could be mapped from the sequenced fragments (Table 2), and they belonged to 4 
phylogenetic groups: T. medium/T. vincentii-like, T. phagedenis-like, T. denticola/T. pedis-like, and T. refringens-like.
While no DD-related treponemes were found in the samples from the free-range herd, we identified 12 different DD Treponema phylotypes distributed in 43 of the remaining 64 environmental samples: 16 cow manure samples and 27 slurry samples. With a few exceptions, the number of DD-related sequences identified from the environmental samples was very low. Figure 2 displays the prevalence of DD-associated treponemes in the 43 samples from six different herds. In 33 of the 46 samples, the prevalence of these treponemes was below 0.5%. In only two of the samples (both from slurry) did the sequences of DD-related treponemes exceed 5% of the total bacterial sequence population. On average, 0.22% and 0.75% of the cow manure and slurry PCRamplified sequences, respectively, were homologous to DD-related treponeme sequences.
In contrast, the samples obtained from the 8 DD lesions and the single udder lesion were entirely dominated by DD-related species (Fig. 1) ; DD-related sequences constituted an average of 86.6% of the total sequence population. All 14 phylotypes of known DD-associated treponemes were present in these 9 samples, and the average number of DD-related species identified in a single sample was 12 (Fig. 3a) . Figure 3b shows the prevalence distribution of the T. medium/T. vincentii-like, T. phagedenis-like, T. denticola/T. pedis-like, and T. refringens-like phylogenetic clusters in the 9 skin lesions. From this figure, it can be observed that treponemes from the T. denticola/T. pedis-like group were the most prevalent representatives of the DD-associated Treponema species in these lesion samples. The distribution of the total number of reads for the DD-associated treponemes in the environmental samples was significantly correlated with that in the samples from DD lesions (Fig. 4 ) (Spearman's rho, 0.83; P, 0.0002). However, it should be noted that although the proportions of DD-associated treponeme phylotypes in the environmental samples and the DD lesions appear similar (Fig. 4) , they are percentages of DD-associated treponeme sequence reads, not of all sequence reads, in the samples, and their magnitudes are in fact very different. DD-related Treponema sequences are highly abundant in the lesion samples, while they only make up a very small percentage of the environmental samples.
DISCUSSION
Despite the apparent contagiousness of DD, DD-associated Treponema has not been identified in the dairy herd environment or the contents of the bovine GI tract (16, 17) . Thus, it seemed reasonable to hypothesize that any DD treponemes present in this environment would be sporadic. We hypothesized that highthroughput sequencing of the 16S rRNA gene might be sensitive enough to detect low levels of spirochetes in a complex environment. However, the use of universal bacterial primers may under- estimate spirochete populations, especially the less abundant species/phylotypes for which we were searching (23) . Therefore, to obtain high levels of coverage of any DD-associated Treponema species present in the dairy herd environment, we targeted our sequencing analysis specifically against members of this genus, using primers designed to amplify the Treponema spp. that had been identified in DD lesions previously (9, 11, 12, 24, 25) . The present study involved 7 samples from a free-range herd with no history of DD, 64 environmental samples, consisting of slurry and fresh cow feces from individual animals in six herds, 8 samples from DD lesions, and 1 sample from an udder lesion, possibly due to bovine ulcerative mammary dermatitis (UMD). Most of the amplicons from the environmental sequences could be taxonomically assigned only to the genus level. There are several phylotypes of Treponema in the bovine GI tract (17, 26, 27) ; however, because of the difficulties associated with the isolation, cultivation, and purification of treponemes, many species of this genus have yet to be characterized. This may explain why a large fraction of the amplified sequences could not be classified further than the genus level.
Because the primers applied in this study target only a relatively narrow range of the Treponema genus, we did not observe the species T. bryantii and T. saccharophilum, which have been isolated from the rumina of cows previously (21, 22) . A relatively large number of amplicons were homologous to two not-yet-cultivated ruminant clones, Treponema KO1_aai43a12 and Treponema SP2_g07_2, which were isolated from red kangaroo and Speke's gazelle feces, respectively. KO1_aai43a12 was highly prevalent, especially in the samples from the Melose free-range herd (Fig. 1) . The red kangaroo is also a foregut fermenter, and its gut microbial community clusters with that of the Holstein cow in a phylogenetic analysis of gut microbe relatedness (19) . The closest match to this phylotype in GenBank was an uncultured cattle rumen bacterium (93% sequence identity) and a cultivable species, Treponema brennaborense (91% sequence homology). The two clones most likely represent commensal GI tract treponemes.
Using a deep-sequencing approach, we were also able to identify treponeme phylotypes usually identified only in bovine DD lesions in 43 of the 64 environmental samples, including both cow manure and slurry samples. In a previous study, all environmental slurry samples and GI tract contents were negative for DD-associated Treponema DNA from the three most prevalent phylotypes (16) . However, DD treponemes have previously been identified in the oral cavity and rectum in approximately 14% of the cows tested (16) . This raises the question of whether our observations in cow manure are due to rectal contamination of the feces or whether the DD treponemes are in fact also present in the GI tract contents, where their DNA can be detected if a sensitive enough method is applied. Future studies employing highly sensitive detection methods will be required to clarify this issue.
Not surprisingly, we detected sequences that were homologous to 14 different DD-related phylotype variants in the bovine lesion samples (Fig. 3a) . On average, 12 different variants were identified. All variants had been identified in DD lesions previously (9) (10) (11) (12) . As in previous investigations, species from the T. denticola/T. pedis-like, T. phagedenis-like, T. refringens-like, and T. medium/T. vincentii-like phylogenetic clusters were represented in the lesions, including the putative UMD lesion (Fig. 3b) (9, 10, 28, 29) .
With the caveats that all the DD skin samples were collected in 1 herd (Gilleleje) and that the proportions of phylotypes in the two sample types represented very different magnitudes, the overall sequence distribution of the DD-related phylotypes in the environmental samples (n ϭ 64) was highly correlated with that observed in the DD skin samples (n ϭ 9). Considering that the distribution of the phylogenetic clusters of the DD treponemes in the Gilleleje samples resembled the distributions observed in previous investigations (9, 12) , we assumed that the Gilleleje herd was suitable as a representative herd. One of the main aims of this study was to identify a sensitive method capable of detecting treponeme phylotypes associated with DD in the dairy herd environment. Here we demonstrated that it was possible to detect and characterize DD-related treponeme sequences in this habitat by using a targeted PCR approach in combination with deep sequencing methods, even if the sequences were present at a very low frequency. Additionally, the frequency distribution of phylotypes in the dairy herd environment appeared to mirror the average distribution of treponemes found in the DD lesions. However, the question of how bacteria with such a low prevalence can be so successful in infecting a herd remains to be clarified. The targeted sequencing approach presented here can now be used to investigate both environmental and whole-animal samples in order to determine potential transmission routes and possible infection reservoirs of DD. We hope that this approach will allow us to better understand the etiopathogenesis of this disease. nemes, expressed as percentages of the total number of reads for DD-associated treponemes, in the DD lesion samples compared with that in the slurry/ cow manure samples. Note that DD-associated treponeme sequence reads account for 86% of total sequence reads in lesion samples compared with Ͻ1% of total sequence reads in environmental samples.
